Abstract Stem canker is a damaging disease of winter oilseed rape, caused by ascomycetous fungi Leptosphaeria maculans and L. biglobosa. The initial source of plant infection is ascospores, formed in pseudothecia on stubble from the previous growing season. The aim of this work was to evaluate the effectiveness of fungicide treatments at different times of application in the autumn on quality and quantity of seed yield, in relation to the concentration of ascospores of L. maculans and L. biglobosa in the air. Field experiments were done in Lower Silesia, the region of intensive oilseed rape cultivation, located in south-west Poland. We have demonstrated that, in case of high disease pressure, fungicide treatment against stem canker was most efficient when done 4-11 days after the highest concentration of pathogen ascospores in air. The seed yield, oil and protein content increased by 17.7-18.8 %, 1.60-1.72 % and 0.8-0.9 % respectively. In low disease pressure the optimal spray time was more flexible, but the highest yield was always following the maximum ascospore release. In some cases it also coincided with the increase of oil, without adverse effect on protein content. Furthermore, it coincided with the increase of indole glucosinolates, such as glucobrassicine and 4-hydroxyglucobrassicine, and -besides one studied year -it was also connected with decreased amounts of alkenyl glucosinolates. Both Leptosphaeria species were present in air and in infected plants during their vegetation. The ratio between both species depended on seasons; L. maculans prevailed on leaves in the autumn, whereas L. biglobosa dominated on stems before harvest.
Introduction
Winter oilseed rape (Brassica napus L.) is widely grown in Poland to obtain vegetable oil for industrial processing of human and animal feed. In recent years, the area under oilseed rape cultivation in Poland has greatly increased; to 900 kha in 2014. As a result, research on the cultivation of oilseed rape has intensified to maximize yield and reduce costs of crop production. One of the components of agricultural technology is the protection of crop plants against fungal diseases. In accordance with the principles of integrated pest management (Directive 2009/128/ EC), the chemical protection of plants should be limited to necessary procedures performed at optimum time intervals.
Among the diseases that affect oilseed rape, one of the most damaging is blackleg or stem canker of brassicas. Considerable yield losses occur every year (Fitt et al. 2006a ). The disease is caused by two related pathogens: Leptosphaeria maculans and L. biglobosa (Fitt et al. 2006a; Kaczmarek and Jedryczka 2011) . In most cases, disease is initiated in the autumn by ascospores originating from fruiting bodies of the sexual stage, produced on oilseed rape stubble from previous seasons (Fitt et al. 2006a) . In Canada the dispersal of these pathogens is attributed to pycnidiospores, rather than ascospores (Guo and Fernando 2005) . Wind-borne ascospores adhere to the leaf surface and germinate to produce germ tubes, which penetrate the leaf indirectly through stomata or wounds; endophytic mycelia of the pathogens then grow along the leaf petioles asymptomatically to cause lesions on main and branch stems (Hammond et al. 1985) . Monitoring of the presence and concentration of fungal spores in air samples makes it possible to identify periods of disease risk to plants (West et al. 2002a; Piliponyte-Dzikiene et al. 2014) . The detection of airborne inoculum sources at early stages of plant infection allows to assist in decisions on the optimal time for fungicide application (Gladders et al. 1998) . In Poland, such monitoring is done using a network of 10 volumetric spore samplers (Burkard Manufacturing Ltd., Rickmansworth, UK and Lanzoni S.r.l., Italy) within the System for Forecasting Disease Epidemics . The System has been constantly operating since 2004 as a joint initiative of the Institute of Plant Genetics PAS and DuPont Poland . It is addressed to oilseed rape farmers, associated farm service personnel, breeders, commercial company representatives as well as to students and researchers with an interest in plant pathology and plant protection. The concentration of Leptosphaeria spp. in air samples is important information for the control of blackleg of oilseed rape, as the time of peak ascospore numbers greatly differs from year to year and between the regions. The output information of the System is distributed in three ways: via website, SMS text messages and emails to registered users. The data are published at the educational website of the Institute (www.spec.edu.pl) and a commercial site owned by DuPont Poland, www.dupont.pl . Similar studies were also done in Lithuania (Brazauskiene and Petraitiene 2006) as well as in the Czech Republic (Jedryczka et al. 2010) . Ascospores of L. maculans and L. biglobosa in air samples were being trapped using volumetric spore samplers and then quantified with light microscopic and molecular techniques (Jedryczka et al. 2010; Kaczmarek et al. 2012; Piliponyte-Dzikiene et al. 2014) .
There are many studies connected with the effectiveness of fungicides in relation to various fungal diseases (West et al. 2002a; Brazauskiene and Petraitiene 2004; Steed et al. 2007; Karolewski et al. 2009 ), but knowledge regarding their influence on plant physiology and quality of harvested seeds is poor. Most studies focused on the impact of single applications of fungicides on yield, but they have not examined in detail the relationship between fungicide treatment and plant health, seed yield and their quality in relation to spore concentration in the air. Some authors have demonstrated that interaction of the members of Brassicaceae with their microbial and fungal pathogens affected the content and biological activities of glucosinolates and their catabolites (Giamoustaris and Mithen 1995; Manici et al. 1997 ). On the other hand, Andreasson et al. (2001) showed that the growth of L. maculans in plant tissues did not alter glucosinolate levels, suggesting the fungus does not degrade these compounds.
The current investigation was part of a study undertaken to improve the efficiency of the decision support system, developed to optimize fungicide treatments to control stem canker of oilseed rape in the region of its intensive cultivation in Poland. The study was carried out to determine the relationship between fungicide applications in the autumn, the concentration of L. maculans and L. biglobosa ascospores in air and the incidence of stem canker before harvest. We have also studied the impact of fungicide treatments on yield and quality of oilseed rape seeds in relation to fungicide spray time.
Materials and methods

Experiment site
The research was conducted at the Experimental Station for Variety Testing in Kroscina Mala (N51 
Ascospore trapping method
Monitoring of the concentrations of L. maculans and L. biglobosa ascospores was carried out using a Burkard 7-day recording spore sampler (Burkard Manufacturing Co., Rickmansworth, UK) (Fig. 1a) . The source of spores was natural release from winter oilseed rape stubble incubated in the surroundings of the trap, as well as all other sources available in the region. The stubble of winter oilseed rape was collected from local fields, after crop harvest in July 2009-2011. The methods used in this experiment were based on these described by Lacey and West (2006) . The suction power of the sampler was 10 L of air min −1 and the particles of aeroplankton were deposited on a Vaseline-coated Melinex tape mounted on a rotating drum. The tape was collected and cut into seven 48 mm pieces weekly (one piece representing 1 day). Each piece of tape was cut in half lengthwise. One half was mounted onto a microscope slide for counting ascospores. Spore counts were carried out using the whole area of the slide (halftape), with the use of an Axiostar microscope (Zeiss, Germany) under ×200 magnification. The numbers of spores were counted and recorded as daily ascospore number per m 3 of air. The second half of the tape was stored at −20°C until DNA extraction.
Field experiment design
Field experiment was carried out in a close distance from the spore sampler in a randomized complete block design with 3 replicates. A fully restored winter oilseed rape hybrid cultivar PR46W10 F1 (Pioneer Hi-Bred) was sown at the end of August. Plot size was 15 m ; each plot was sprayed one time. Disease incidence and severity were assessed in autumn for each variant, on 50 plants per replicate, according to a scale from 0 to 4, where 0 = no visible disease symptoms and 4 = numerous phoma leaf spots on a plant (Fig. 1b) . The upper stem lesions, associated with the infection by L. biglobosa, were scored before harvest using 0 to 9 scale, where 0 = no visible symptoms and 9 = plant totally damaged by the disease, dry, with large portions of the main and side stems covered with pycnidia (Fig. 1c) . The stem canker symptoms (blackleg) were evaluated on cross-sections of plants cut at the stem base, using the scale from 1 = no visible disease symptoms to 4 = blackening and disruption of over 75 % of the pith (Fig. 1d) . The Disease Index was calculated as described by Lô-Pelzer et al. (2009) . All plants with disease symptoms were taken into account, when the disease incidence was calculated.
The percentage of plants with phoma leaf spotting in the autumn, and the percentage of plants with stem cankers before harvest were evaluated. The other measurements included seed yield and the mass of one thousand seeds at 90 % of dry matter content. Oil content was evaluated with the Soxhlet method (Luque de Castro and García-Ayuso 1998) and the total content of proteins was based on the nitrogen content, evaluated with the Kjeldahl method (Kjeldahl 1883) with amendments of Sáez-Plaza et al. (2013) . Individual glucosinolates were determined by near-infrared reflectance spectroscopy (NIRS) (Michalski and Czernik-Kolodziej 2000) . Fig. 1 Hirst-type spore trap used in the experiment (a) and the disease symptoms on oilseed rape: leaf spotting (autumn, before winter pause), stage 3 (b); upper stem lesions (summer, before harvest), stages 8-9 (c); cross-section of stems with blackleg symptoms (summer, before harvest), stages 3-4 (d) Characterization of the pathogen population The pathogens were obtained from plots without fungicide treatments. The assessments were made on leaves in the autumn (before winter pause) and then on stem fragments after harvest. The samples were randomly chosen, packed into separate bags and then transported to the laboratory. Fungal strains were isolated by dissecting small infected fragments after surface disinfection of the studied plant organ (leaf or stem base). The isolates were subcultured on PDA medium supplemented with 1 % streptomycin sulphate (Sigma-Aldrich) until they were free from bacteria. To ensure the genetic identity of studied fungal isolates, subcultures on new growth medium were started from hyphal tips. The classification to the appropriate species of the Leptosphaeria complex (L. maculans or L. biglobosa) was based on the cultural characteristics, as described by Kaczmarek and Jedryczka (2011) .
DNA extraction from spore samples and real-time PCR conditions DNA was extracted from the tape pieces using a CTAB (hexadecyltrimethylammonium bromide) protocol, as described by Kaczmarek et al. (2009) . One half of the tape was placed in a sterile 2 ml tube with acid-washed glass beads of particle sizes ranging from 425 to 600 μm. Then, 2 % CTAB buffer was added and tubes were shaken in a Fast-Prep machine (Savant Instruments, USA) twice for 40 s. Afterwards, the samples were incubated for 30 min at 70°C, centrifuged for 15 min and an equal volume of a chloroform:isoamyl alcohol mixture (24:1) was added. DNA was precipitated by incubation for 1 h at −20°C with absolute ethanol and sodium acetate (3 M) and then centrifuged for 15 min. The supernatant was discarded and DNA pellets were washed with 70 % ethanol, dried, and dissolved in 100 μl of TE (Tris-EDTA) buffer. For real-time PCR analysis, a 10 μL reaction contained 2.5 μL (1:4 aqueous dilution) of DNA template, 0.3 μL of each L. maculans or L. biglobosa species specific primers (Mahuku et al. 1996) , 5 μl of SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich, UK),1.9 μL of nuclease-free sterile water. Cycling parameters consisted of 95°C for 2 min, 95°C for 15 s, 60°C for 30 s, 72°C for 45 s, 38 cycles in total. A standard curve was generated by plotting the threshold cycle (C t ) value for each sample of a standard series of L. maculans and L. biglobosa DNA concentrations from 10 ng μL −1 to 100 fg μL −1 . Nuclease-free water was used as notemplate control.
Molecular identification of Leptosphaeria species on plants
The 632 isolates obtained in this study (40 per the combination of crop stage × year) were first classified as L. maculans or L. biglobosa based on culture morphology and macroscopic identification. The classifications were confirmed on a subset of 120 randomly selected isolates using Random Amplified Polymorphic DNA (RAPD). For PCR, genomic DNA was extracted from freezedried mycelium using the CTAB. Mycelia were ground in 650 μL CTAB extraction buffer with SiC and incubated at 65°C for 20 min. An aliquot of 500 μL CHCl 3 was added to the tube and centrifuged at 9000 rpm for 15 min. DNA was precipitated with 65 μL 3 M sodium acetate, pH 5.4, and two volumes of ice cold 99.8 % ethanol. The Eppendorf tubes were stored at −20°C overnight and centrifuged at 15,000 rpm for 5 min. The resulting pellets were washed with 70 % ethanol, centrifuged at 15,000 rpm for 5 min, and fully dissolved in 100 μL TE buffer.
RAPD amplification was carried out in a 10 μL volume containing: 1 μL DNA, 0.2 mmol dNTPs, 1 mmol MgCl 2 , 1 μmol of the primer OPJ-10 (AAGCCCGAGG), 0.5 U DNA Taq polymerase (DreamTaq™ DNA Polymerase, Thermo Scientific), 1 μL buffer (10× with Mg 2+ 2 mmol), and sterilized water to the total volume of 10 μL. PCR amplification conditions for RAPD were as follows: one cycle of 2 min at 94°C (initial denaturation), followed by 45 cycles of 30 s at 94°C (denaturation), 1 min at 36°C (annealing) and 2 min at 72°C (extension). A final step of 5 min at 72°C ensured full extension of all amplified products.
PCR products were separated on a 1.5 % agarose gel, stained with ethidium bromide and visualized with a UV transilluminator. The bands were compared with the specific banding patterns characteristic for the representatives of two Leptosphaeria species, previously recognised for both species.
Statistical analysis
Statistical analysis was carried out using Statistica version 7.0 (StatSoft Inc., USA) and Microsoft Excel version 2010 (Microsoft, Inc., USA). Inference about the significance of differences between objects was conducted using one way ANOVA and was determined using Tukey's test (p ≤ 0.05). For the analysis of variance, the percent of infected plants was transformed using the formula and table elaborated by Bliss (1938) .
Results
Concentration of ascospores of Leptosphaeria spp.
The ascospores of Leptosphaeria spp. were observed in the air in each of the studied autumn periods (2009) (2010) (2011) (2012) . The date of the beginning and the end of the season differed between seasons -the earliest ascospore release was observed on 5 September (2012) and the latest start of the ascospore season was on 15 September (2010 and 2011) . The difference between the ends of the season was 8 days and ranged from 15 November to 23 November. The sum of daily spore concentrations in air samples differed between the subsequent autumn periods; in 2010 there were 246 ascospores per 1 m 3 (Table 1) , but in 2012 the concentration of ascospores increased two-fold. The highest peak of ascospores in 1 m 3 of air ranged from 30 (27 September 2010) to 58 ascospores (22 September 2011). The peak days with maximal ascospore numbers in air samples differed by 2 weeks; they could be present as early as 22 September (2011) and as late as 6 October (2012). The highest concentration of ascospores in air samples was highly correlated with the cumulative number of daily mean ascospore concentrations (0.86).
Composition of the pathogen population in air samples
The visual observation of ascospores in the air does not allow identification of the species, so the microscopic analyses were supplemented with molecular detection of DNA of L. maculans and L. biglobosa. The proportion of species ranged from 1:2 (2011) to 1:33 (2009) (Fig. 2) (Fig. 3) .
Effect of spray time on phoma leaf spotting/stem canker symptoms and seed quantity and quality
The timing of fungicide application had a significant effect on the severity of symptoms of phoma leaf spotting and stem canker. In all studied seasons, the lowest percentage of healthy plants was observed on unsprayed plots (Table 2) , and varied from 21.35 % (autumn 2009) to 48.8 % (autumn 2010) in the autumn and from 18.3 % (summer 2010) to 52.8 % (summer 2011) 2 weeks before harvest. In comparison with fungicide treatments 4-8 days after the highest daily mean ascospore concentration (Table 1) , the increase in disease severity symptoms was from 3-to 7-fold in the autumn (2012 and 2009 respectively) and from 2-to 4.6-fold in the summer (2013 and 2010, respectively). Significant differences in the incidence of phoma leaf spotting and stem canker between plants sprayed in various dates also were demonstrated. The sprays late in the season (2-18 November) were the least effective (Table 2) . In all seasons, the correlation coefficient between the percentage of plants infected before winter and before harvest was highly significant (R 2 ≈ 0.95). The highest yield was obtained when the percentage of infected plants was the lowest. In 2010-2013, the increase in yield in plots treated at the optimal time as compared with control treatments was 5-12.5 dt ha −1
. In 2010, 2012 and 2013, the oil content was not altered significantly by application of fungicides. However, in 2011 the increase of this parameter was as high as 7 %. Maximum oil accumulation (49.89 %) was recorded from the seeds of those plants that were treated with fungicides 12 days after the occurrence of the highest daily mean concentration of ascospores.
Protein content in the seeds of winter rapeseed ranged from 18.88 to 21.02 %. Only in 2010 was the protein content in seeds from plots treated 8 days after detection of the maximum ascospore concentration of ascospores significantly higher than in seeds from untreated plots. In this year also, an increased thousand seed mass was found as a result of the optimal application of the fungicide. It was 0.4 g higher than in untreated plots (Table 2) .
Fungicide treatments had an effect on the amount of glucosinolates in harvested seeds. They contained significantly more indole glucosinolates and less alkenyl glucosinolates in most variants treated with flusilazole. In the case of indole glucosinolates the effect included glucobrassicine and 4-hydroxyglucobrassicine. The highest level of glucobrassicine was found after treatment on 7 October 2009, representing an 8-fold increase compared with the control. The level of 4-hydroxyglucobrassicine was higher in nearly all sprayed plots as compared to control, with the exception of seeds harvested in 2013 (Table 3 ). The highest increase of 4-hydroxyglucobrassicine was 2-fold and it was found in seeds sprayed with flusilazole on 19 October 2012. Fungicide treatment coincided with the lower content of alkenyl glucosinolates as compared to the control. The levels of gluconapine, glucobrassicanapine, napoliferine and progoitrine were significantly lower in unsprayed variants, with the exception of seeds harvested in 2011.
Pathogen population study
In the autumn, L. maculans was predominant on leaves of oilseed rape and constituted 83.0 % of the Leptosphaeria population on average. Each summer, the dominant species was L. biglobosa, and it was reisolated from 75.4 % of stem canker symptoms on stems (Table 4) . Generally, in the autumn, the ratio of L. maculans: L. biglobosa isolates obtained from Different letters are used to point out the variants showing significant differences at α = 0.05 a Evaluation of phoma leaf spotting, using 0-4 scale, assessment before winter pause b Evaluation of symptoms on stems, using 0-9 scale, assessment 2 weeks before harvest Table 3 The content of glucosinolates (μMg infected leaves was over 4:1, while on stems before harvest it was 1:3 (Fig. 4) .
Discussion
This study demonstrated a very strong relationship between the timing of the fungicide treatment and health status of the test plants. We have shown that in case of high disease pressure, fungicide treatment of winter oilseed rape in Lower Silesia was most efficient when it was done 4-11 days after the highest concentration of L. maculans and/or L. biglobosa ascospores in air samples. Moreover, this relationship persisted throughout the growing season until harvest, which indicated that the application of fungicide at optimal time may retard or stop the primary plant infection. Similar results were described in southern England (Sun et al. 2000) , north Poland ) and central Canada (Peng et al. 2015) . The fungicide treatment of spring canola in the prairies was efficient only in case of very high disease pressure. Financial calculations done in our experiments demonstrated that the yield benefit was always higher as compared to the expenditure on fungicide spray, taking into account the cost of the fungicide and its application as well as the workload. In case of prolonged occurrence of high spore concentrations in the autumn one spray may not be sufficient to reduce the pathogen to safe amounts, however the efficiency of two sprays was not studied experimentally.
The quality of rapeseed greatly depends on the oil content, which constitutes the economic value of the crop. Oil makes up about 29-54 % of the dry weight of Brassica seeds (Sing and Mehta 1992) and its synthesis from sucrose constitutes one of the major metabolic activities of the embryo during seed development (Perry and Harwood 1993) . Doughty et al. (1998) indicated that diseases can be significant determinants of seed oil quality via their effect on yield. In our study oil content was significantly influenced by application of fungicide only in one season (2010/2011) . It coincided with the highest reduction of disease incidence following the spray with flusilazole. Experiments done by Zhou and Ye (1996) as well as Setia et al. (1996) revealed significant increases in oil content after application of uniconazole and paclobutrazole of Brassica napus and B. juncea, respectively. Different letters are used to point out the variants showing significant differences at
Rapeseed meal is a source of protein for animals (Friedmann 1996) . It is rich in the sulphur containing amino acids lysine, methionine and cysteine, which are limiting in cereals (Chadd et al. 2002) . The seeds also contain substantial amounts of threonine. Some variation in the protein content of rapeseed can be due to cultivar, soil type and biotic and abiotic factors (Bell 1995) . In our experiments, protein content of rapeseed was significantly influenced by the application of fungicides in two out of four studied seasons. The high oil content in harvested seeds after plant treatment in the autumn was significant in year of high disease pressure by L. maculans and L. biglobosa. The increase in oil content did not coincide with the decrease in protein content. In contrast, Doughty et al. (1998) pointed out that seeds from heavily-infected plots usually had a higher protein content. Moreover, decrease in oil content tended to be associated with increase in protein content, which suggests that the effect of disease on these two components was opposite. This observation was not supported by our study. The possible discrepancy may be related to the way of data collection; in the experiment by Doughty et al. (1998) the studies were done on selected plants, collected individually from infected or healthy plants, whereas the plant yield in our study is an average obtained for all plants growing on 15 m 2 plots, irrespective of disease symptoms. Glucosinolates are not only considered to be involved in plant defense mechanisms (Agerbirk and Olsen 2012) , but also their high content impairs the quality of oil and meal. Baylis and Hutley-Bull (1991) reported that paclobutrazole reduced glucosinolates in the seeds of rapeseed significantly in comparison with untreated seeds. In our studies, fungicide treatment coincided with the increase of indole glucosinolates and reduced content of alkenyl glucosinolates. Some authors indicated that it was not a fungicide, but rather nitrogen rate, which regulated the relative proportion of alkenyl glucosinolates (Zhao et al. 1994; Zukalova et al. 2001) . Further analyses are required to study whether plant treatments with fungicides can stimulate the biosynthesis of indole glucosinolates.
In our system the spray is advised after a sudden increase of the ascospore concentration in air samples, usually observed in the autumn. The minimum threshold is 10 spores per cubic meter, but this sudden rise is often a few fold higher. Also the other authors (West et al. 2009 ) demonstrated that the detection of primary inoculum can help to optimize the chemical protection of oilseed rape, both for the benefit of farms using a decision support system and for environment protection against inappropriate and excessive use of fungicides. This activity can be supplemented with molecular detection of DNA of L. maculans and L. biglobosa ascospores, using quantitative PCR, as presented in this paper. In general, in the autumn higher numbers of L. maculans ascospores were found as compared to L. biglobosa, which is consistent with the results of other studies on pathogen population (Kaczmarek et al. 2009 ). Weather in Poland has a strong effect on life cycle of the pathogen and on disease incidence and severity . Not all forecasts based on advanced statistical models using weather data are accurate . However, the results of monitoring performed in Poland were used to create two well-functioning weather-based models (Improved Blackleg Sporacle and Sporacle Ezy) for predicting the onset of seasonal release of ascospores of Leptosphaeria maculans and L. biglobosa (Salam et al. 2007 ). SimMat, a new dynamic module of Blackleg Sporacle for the prediction of pseudothecia maturation of L. maculans/L. biglobosa species complex in different regions of Poland was elaborated (Aubertot et al. 2006 ) and the next module, called SimAsco is under way. Knowledge of pathogen population structure and the ratio between the species may serve as additional tools for disease management, leading to more precise advice on the use of fungicides to protect oilseed rape against stem canker. Leptosphaeria maculans and L. biglobosa differ in their rates of spread within agricultural fields sown with winter oilseed rape and also in sensitivity to fungicides. The former species is more aggressive and it incites severe cankers at the stem base resulting in economic yield loss arising from occluded and dysfunctional vascular tissues, premature pod ripening and lodging (Williams and Fitt 1999) . Lesions caused by L. biglobosa are mainly superficial necrosis on upper parts of stems. There is a controversy over the effect of this fungus on yield -it is described as rare (West et al. 2002b) or quite substantial (Jedryczka 2007) .
In our studies the populations of the pathogens differed between years, but in general in the autumn L. maculans was predominant on leaves of oilseed rape plants as it was in the air, whereas each summer L. biglobosa was predominant on stems. Differences in the timing and proportion of ascospore release in the autumn are likely to be due to differences between the species in pseudothecial maturation. Huang et al. (2007) reported that maturation of pseudothecia on the stem bases occurred 11 days earlier than that of pseudothecia on upper stem parts -associated with L. biglobosa colonisation. What is more L. maculans is able to survive burial on basal stem debris whereas L. biglobosa cannot survive on upper stem debris in dry years ). Therefore, the burial and return of stem residues, through ploughing, may favour L. maculans. Under a minimum tillage regime both L. maculans and L. biglobosa are able to survive and produce pseudothecia on crop debris on the soil surface. If stubble is left standing after harvest, the stem base has a higher water content than upper parts of the stem (Fitt et al. 2006b ). As moisture is required for pseudothecial maturation (Salam et al. 2003; Toscano-Underwood et al. 2003) , therefore, ascospore release of the pathogen that has colonised the stem base will be earlier than that of the pathogen that has colonised the upper stem (Fitt et al. 2006b ). On the other way, our recent experiments using oilseed rape varieties with Rlm7 resistance genes have shown their cultivation may contribute to the increase of the population of L. biglobosa, due to great efficiency in the control of disease symptoms caused by L. maculans.
Agricultural practices such as fungicide application regime and cultivar choice are likely to affect L. maculans and L. biglobosa populations. Eckert et al. (2010) demonstrated differences between spore germination and mycelial growth of L. maculans and L. biglobosa grown on medium supplemented with fungicides. Leptosphaeria biglobosa has a lower sensitivity to azole fungicides (higher EC 50, as determined by in vitro hyphal growth inhibition) than L. maculans (Eckert et al. 2004 ). The detection of high concentrations of the ascospores of L. biglobosa in air samples should therefore imply the application of higher doses of fungicides or fungicides with higher content of active substances. Long rotations would greatly help in controlling the disease, but they are not used by farmers, due to high profitability of the crop. Shortening of rotations have already aggravated the problem of diseases of oilseed rape. Not only has it favoured further development of blackleg, but it has also dramatically increased the occurrence of clubroot (Korbas et al. 2009 ).
Both fungal pathogens often coexist on oilseed rape plants in numerous regions and periods of time and they can accompany each other on the same host plant (Jedryczka 2007) . However, there is evidence that infection by L. biglobosa may induce resistance to L. maculans. The controlled environment and field experiments have shown that pre-or co-inoculation with L. biglobosa may cause induced resistance to any subsequent infection by L. maculans ). Due to current regulations in Poland, the doses of registered fungicides are fixed only at their maximum level and farmers cannot increase them; the new EU regulations allow to reduce dosage of fungicides based on knowledge of the composition of the current pathogen population.
Our studies confirmed that applying fungicides reduces blackleg severity, increases yield of oilseed rape and has an effect on seed quality. We have demonstrated that more precise timing of fungicide application can improve the control achieved from the fungicide use. The precision of fungicide timing can be improved by monitoring the occurrence and abundance of primary inoculum, i.e. the ascospores of fungal species of the genus Leptosphaeria, causing blackleg disease. Information on the dynamics and species composition of L. maculans and L. biglobosa in air samples and on plants may help to optimize fungicide timing and dosage.
